We report saturation dip spectroscopy in the C-N stretching band of CH 3 NH 2 with a resolution of 0.4 MHz and an accuracy of 0.1 MHz by use of a CO 2 -laser/microwave-sideband spectrometer. The wide tunability, Lamb-dip resolution, absolute frequency accuracy, and high sensitivity of our dual-mode instrument were all key features in making precise measurements for a range of lines in the densely crowded spectrum with its complex pattern of splittings arising from the large-amplitude CH 3 torsion and NH 2 inversion. We focused on achieving resolution and assignment of transitions within the highly blended Q branch of the C-N stretch and on observations of the important K = 0 sequences of Aa and Ea torsion-inversion symmetry. Term values of the latter were fitted to J͑J +1͒ power-series expansions to obtain the K = 0 C-N stretching effective B values and substate origins, from which calculated ground-state substate energies were subtracted to yield values of 1044.7061 and 1044.8011 cm −1 for the Aa and Ea subband origins, respectively. We thereby estimate a mean value of 1044.75͑5͒ cm −1 for the vibrational band origin and 0.7323͑5͒ cm −1 for the effective upper-state B value for the C-N stretching fundamental of CH 3 NH 2 .
I. INTRODUCTION
Methylamine, CH 3 NH 2 , is the simplest primary amine and a major chemical intermediate in industry. It is an interstellar molecule of interest [1] [2] [3] [4] and was detected as a likely constituent of Comet Wild in the Stardust mission. 5 As a prototype for nonrigid molecules having two large-amplitude internal motions, its microwave, 3, 4, [6] [7] [8] [9] [10] [11] [12] far-infrared, [13] [14] [15] [16] [17] and infrared [18] [19] [20] [21] [22] [23] [24] spectra have been studied both experimentally and theoretically for many years. The variety of splittings and symmetry species associated with the strongly coupled CH 3 -torsion and NH 2 -inversion ͑wagging͒ motions in CH 3 NH 2 result in rich but highly crowded spectra. Thus, high-resolution saturation Lamb-dip spectroscopy provides a particularly valuable tool for probing the complex energy level manifold and gaining insight into the vibrationrotation-torsion-inversion structure and interactions of this prototypical molecule.
Little high-resolution experimental work has been reported for the lower vibrational modes of CH 3 NH 2 to date, perhaps due to the spectral complexity, and previous studies have generally concentrated on the ground-state torsionrotation structure [13] [14] [15] [16] [17] or the strong, broad 9 NH 2 -wagging band [20] [21] [22] centered around 779 cm −1 . In contrast, there has been vigorous and ongoing theoretical interest in the multiwell potential energy surface, the variety of tunneling paths and the flexible nature of the molecule, and numerous authors have explored force field or quantum chemical calculations of the internal potential, the vibrational structure and the effects of the two coupled large-amplitude motions, as illustrated in Refs. 25-37 and many earlier works cited therein. Given this abundance of sophisticated calculations with powerful modern quantum chemical tools, there is a clear need for corresponding laboratory studies exploiting the high resolution and accuracy of modern spectrometers to obtain detailed experimental information and parameters for the other vibrational fundamentals in order to provide comparisons with the theoretical predictions and permit refinement of the modeling of the structure, potential energy surface, and dynamics.
The present work represents an initial step toward such information with a number of Lamb-dip measurements for the strong C-N stretching band of CH 3 NH 2 , a logical candidate for detailed study after the NH 2 -wagging band. The C-N stretch fundamental lies in the 9 -11 m infrared region around 1044 cm −1 and is characterized by a parallel structure with well-defined vibrational P, Q, and R branches. 19, 20 It overlaps well with the CO 2 laser bands and is the source of a number of CH 3 NH 2 far-infrared laser lines optically pumped by CO 2 laser transitions. 38 However, experimental information on this important band is quite limited. Remarkably, the best published spectrum of the C-N stretch fundamental, at a resolution of 1 cm −1 and accuracy of about 0.1 cm −1 , appeared 53 years ago. 19 The major challenge in studying the C-N stretch of CH 3 NH 2 is the complexity and density of the energy structure. The torsion splits the rotational energy levels into a threefold pattern of A and E symmetry components with an A / E spin statistical weight ratio of 2:1, and inversion produces a further splitting into a and s doublets with spin a͒ Authors to whom correspondence should be addressed. Electronic addresses: zdsun@sdu.edu.cn and lees@unb.ca. weight ratio of 3:1. Thus, each vibration-rotation level splits into six sublevels with overall spin weights ranging from 1 to 6. Furthermore, C-N stretching spectra from excited torsional states also appear in the same region. Thus, the overlapping of lines with widely differing intensities in the compact a-type transition multiplets of the parallel C-N stretching band creates major problems for definitive identification and interpretation. An additional complication is that spectral lines of ammonia, which itself has a large-amplitude inversion motion, are also generally present as impurity lines in any CH 3 NH 2 spectrum, 10, 15, 39 leading to possible confusion in the analysis. Thus, stringent demands are placed on the resolution and accuracy of the spectrometer in order to make confident and reliable measurements and line assignments.
In the present paper, we report Lamb-dip spectra, the first to be observed in any spectral range for CH 3 NH 2 to our knowledge, of the dense Q branch and the important K =0 Aa and Ea subband line sequences of the C-N stretching band. The resolution of 0.4 MHz and accuracy of 0.1 MHz of our dual-mode CO 2 -laser/microwave-sideband ͑MWSB͒ spectrometer represent vast improvements over those in the previous studies. [18] [19] [20] [21] By fitting the K = 0 sequence data to J͑J +1͒ power-series expansions, we have determined an improved value for the vibrational origin wavenumber as well as an effective B-value for the excited C-N stretching fundamental mode.
II. EXPERIMENTAL SECTION
The addition of microwave radiation to CO 2 laser lines ͑laser frequency f L ͒ in an electro-optic crystal modulator generates MWSBs of the CO 2 laser lines ͑hereafter called CO 2 -laser/MWSB͒ and provides an elegant source of continuously tunable infrared radiation with narrow linewidth and precisely controlled frequency in the 9 -11 m region. [40] [41] [42] Our instrument combines a GaAs waveguide modulator developed by Cheo 41 with a CO 2 laser developed by Evenson et al., 43 and covers a microwave frequency ͑f MW ͒ tunable range of about 23.6 GHz ͑from Ϯ6.7 to Ϯ18.5 GHz͒ not only for each CO 2 line in the regular 9.6 and 10.6 m CO 2 laser bands but also for many lines of the hot and sequence bands that are located among those regular bands. 44 In our instrument, we select the desired upper ͑f L +f MW ͒ or lower ͑f L −f MW ͒ sideband by carefully scanning a high-finesse Fabry-Pérot interferometer. The measured transmission efficiencies are 30% and 25% for the Fabry-Pérot interferometer and the modulator, respectively, and the typical sideband-to-carrier ratio is about 0.8%, giving a sideband power of 7 mW or more from the mixing of 20 W of microwave radiation and 10 W of CO 2 laser power in the modulator. This level of sideband power is sufficient to saturate the infrared transitions of CH 3 NH 2 at low pressures, and numerous saturation Lamb dips have been observed in this work. During a measurement, the CO 2 laser is stabilized to the center of a 4.3 m fluorescence Lamb-dip signal and has an estimated frequency uncertainty of 33 kHz. 45 Since the absolute frequencies of the CO 2 laser lines have been determined to high precision, 46 our CO 2 -laser/MWSB frequencies have correspondingly high accuracies.
In the measurements, a White-type multireflection cell with a base length of 0.6 m was used with a total absorption path of 9.6 m in 16 transits. The dual-mode spectrometer has both a broadband scanning mode at Doppler-limited resolution for spectral searching and a narrow-band Lamb-dip mode for precision measurements, with operation in the two modes illustrated in Figs. 1͑b͒ and 1͑c͒, respectively. A detailed descriptions of the instrument and its functions has been reported previously with application to the torsional structure of CH 3 OH. 44 A commercial CH 3 NH 2 sample supplied by BOC Specialty Gases with a stated purity of 99.5% was used in the from Ref. 19 . ͑b͒ Q-branch Doppler-limited spectrum in broadband scanning mode from 6.7 to 18.5 GHz using the lower MWSB of the 9P22 CO 2 laser line. ͑c͒ 100 MHz scan around the overlapped feature marked as ‫"ء"‬ in ͑b͒ using the Lamb-dip mode of the spectrometer. The pressure and lock-in time constant were respectively 120 mTorr and 0.3 s for the trace in ͑b͒ and 15 mTorr and 30 ms for the trace in ͑c͒.
experiment without further purification. Thus, there could have been NH 3 impurity of up to 0.5%, given that commercial methylamine is usually prepared by the reaction of ammonia with chloromethane.
III. RESULTS AND DISCUSSION
The grating spectrum of the C-N stretching band of CH 3 NH 2 recorded from 990 to 1090 cm −1 by Gray and Lord 19 is illustrated in Fig. 1͑a͒ . The P and R branches show the typical J-multiplet structure of a parallel band, with the highly congested Q-branch in the band center region around 1044 cm −1 . In this work, we investigated the same region from 990 to 1090 cm −1 using the broadband mode of our spectrometer at the Doppler-limited resolution of 0.0015 cm −1 , scanning both upper and lower 6.7-18.5 GHz ͑ϳ0.4 cm −1 ͒ MWSB windows for 48 CO 2 laser lines of the regular, hot, and sequence bands. Figure 1͑b͒ shows the Doppler-limited spectrum of the Q-branch spectral head from 1044.4045 to 1044.7941 cm −1 , recorded with the lower MWSB of the 9P22 CO 2 laser line. We can see that the extremely compact Q-branch head shown in Fig. 1͑a͒ has been resolved into many distinguishable spectral lines. However, there is still extensive blending of these Dopplerlimited lines in this dense region, as shown by the Lamb-dip spectrum in Fig. 1͑c͒ for a 100 MHz scan around the blended feature marked with an asterisk in Fig. 1͑b͒ . In the Lamb-dip spectrum, recorded using the second-derivative ͑2f͒ detection mode of the digital lock-in amplifier with a small 1 kHz source modulation, four individual Q-branch transitions are clearly separated, showing the power of the instrument to expose the fine spectral details. A further advantage is that the Lamb-dip scanning mode permits precise measurement of the absolute transition frequencies. Here, for each of the four lines in Fig. 1͑c͒ , we narrowed the scanning range to 3 MHz and swept the microwave source in 10 kHz steps in both up and down directions five times to record the saturation-dip 2f signal. As observed previously, 45 we found a second derivative Gaussian profile appeared to best fit the observed signal, rather than the Lorentzian which would have been expected for a Doppler-free line. Thus, in order to determine the transition center frequency of the observed Lamb-dip signal, we fitted the signal by least squares to the second derivative of a Gaussian line shape of the form
where 0 is the center frequency, A is the integrated intensity, G 0 is a baseline constant, and ⌬ pp is the frequency separation between positive and negative peaks of the firstderivative GЈ͑͒. Figure 2 shows an example of the recorded and fitted traces for line I in Fig. 1͑c͒ . From this fit, the microwave frequency at line center was determined to be 11 997.75 MHz, giving the infrared transition frequency as 9P22Ϫ11 997.75 or 31 316 963.75 MHz with an accuracy of 0.1 MHz. The full width at half maximum of the signal in Fig. 2 is about 0.86 MHz, and we were able to narrow this to 0.4 MHz by lowering the sample pressure and the modulation depth applied to the laser cavity. We note that 14 NH 3 lines in the symmetric bending 2 band intermixed with CH 3 NH 2 lines in the C-N stretching band were also observed as saturation dips even for CH 3 NH 2 sample pressures as low as 1 mTorr, 39 demonstrating the high sensitivity of the spectrometer.
In Table I , we present the transition assignments and frequency measurements for 27 Lamb dips from the dense Q-branch region shown in Fig. 1͑b͒ , originating from a variety of subbands. The assignments were based on interpolation from R and P subbranches tentatively identified in a parallel ongoing Fourier transform study, results of which will be presented in future. In the Q͑ t S t−i K , J͒ notation used in Table I , t is the torsional quantum number, S t−i is the torsion-inversion symmetry ͑A Ϯ or E for torsion plus a or s for inversion͒, and K is the projection along the molecular near-symmetry a-axis of the rotational angular momentum J. We did not observe any quadrupole splittings due to the nitrogen nucleus since at the J values of the observed transitions in Table I the calculated intensities are very small for quadrupole components other than the main central component with ⌬F = ⌬J, where F is the total angular momentum quantum number.
In order to obtain values for the vibrational band origin and the effective B value for the C-N stretching fundamental mode, we also recorded Lamb dips for accessible members of the K =0, t = 0 sequences for Aa and Ea torsion-inversion symmetries. These measurements are also presented in Table  I . Here, we could test our assignments and measurement accuracy via application of the Ritz combination rule to closed transition loops involving the lines labeled as L1-L3. Since a pair of transitions with the same labels L1, L2, or L3 shares a common upper-state level, one can form closed loops with ground-state transitions, as illustrated in Fig. 3 Microwave frequency (GHz)
Fitted profile to the 2nd-derivative Gaussian function These loop defects are all close to zero to well within the estimated experimental uncertainties, confirming the transition assignments in each of the loops.
The Q-branch line measurements in Table I have proved of great value in providing precise anchor points for assignment of the corresponding R and P subbranches in our com- panion Fourier transform study. Using a Q͑J͒ frequency in combination difference relations analogous to the scheme of Fig. 3 , we obtain stringent tests of trial assignments of the associated R͑J −1͒ and P͑J +1͒ transitions, tying down the identifications and greatly enhancing confidence in proposed subband assignments. The last column of Table I also lists energy term values for the upper levels of the corresponding transitions in the first column, obtained by adding our measured wavenumbers to calculated ground state energies 47 with the ͑ t S t−i K , J͒ = ͑0 As 0,0͒ ground level taken as the energy zero. In order to determine the J-independent origins of the ͑ t S t−i K͒ = ͑0 Aa 0͒ and ͑0 Ea 0͒ C-N stretching substates, their term values were least-squares fitted to J͑J +1͒ power-series expansions of the form ͚ m=0 a m ͓J͑J +1͔͒ m , where a 0 is the substate origin and a 1 is an effective B rotational constant. The resulting series expansion coefficients, with 1 − standard deviations in units of the last quoted digit, are shown in Table II .
The relation of the substate origins to the vibrational band origin is illustrated in the schematic vibration-torsioninversion energy diagram of Fig. 4 . The substate origins, i.e., the a 0 coefficients of Table II , are represented by the dashed lines rising from the ͑0 As 0,0͒ zero reference level. Then, by subtracting the calculated J =0, K = 0 ground-state energies from the substate origins, we obtain the origin wavenumbers of 1044.7061 and 1044.8011 cm −1 , respectively, for the ͑0 Aa 0͒ and ͑0 Ea 0͒ subbands shown as solid arrows in Fig. 4 . As seen in Fig. 4 , provided the torsional and inversion splittings in the excited C-N stretch do not differ significantly from those in the ground state, these values will then also be representative of the vibrational band origin. We can thus estimate the mean value of the band origin for the C-N stretching fundamental to be 1044.75͑5͒ cm −1 , as compared to the generally quoted "standard" value from Gray and Lord of 1044 cm −1 . 19 From the Aa and Ea a 1 coefficients from Table II , we also find a mean effective B value of 0.7323͑5͒ cm −1 , about 0.0072 cm −1 smaller than that for the ground state. 12 We should note that there is some indication that the torsion-inversion structure does differ in the excited C-N stretch state, as the separation of the Ea and Aa K = 0 substates is about 0.1 cm −1 larger than in the ground state, as shown in Fig. 4 . We hope to obtain more extensive information on this question from our Fourier transform study in the near future, and thereby be able to tighten the uncertainty limits on the vibrational band origin. We should also note that the relative ground-state energies shown in Fig. 4 , and thus also the substate and subband origin values, are modeldependent since they are obtained from fitting to microwave and far-infrared spectra. 16 However, the Aa, As, Ea, and Es states belong to different spin species that are not coupled by transitions, hence the absolute energy separations cannot be established just from the far-infrared or infrared spectra. Nevertheless, the torsion-inversion model employed in the fitting 16 should give relative Aa, As, Ea, and Es energies close to the truth and represents the most physically meaningful way of displaying the energy structure.
IV. CONCLUSIONS
In this work, we have exploited the high resolution and high frequency measurement accuracy of our CO 2 -laser/MWSB spectrometer operating in its saturationdip mode in order to penetrate into the dense structure of the central Q branch of the C-N stretching fundamental band of CH 3 NH 2 and measure a substantial number of Q-branch lines from a wide variety of subbands, plus accessible P and R branch transitions from the important ͑ t S t−i K͒ = ͑0 Aa 0͒ and ͑0 Ea 0͒ subbands. Three closed combination loops could be formed from lines of the latter two subbands together with observed or calculated ground-state transitions, and the loop closure relations were satisfied to well within the experimental uncertainty, confirming the assignments.
The Q-branch Lamb-dip measurements provide precise anchor points for the evaluation of tentative P and R subbranch assignments via stringent combination-difference tests in a companion ongoing Fourier transform study, and have been very valuable in helping to determine or confirm a number of proposed identifications. From the ͑0 Aa 0͒ and ͑0 Ea 0͒ subband measurements, upper-state energy level term values were obtained by addition of calculated groundstate energies 47 and have been fitted to J͑J +1͒-power-series expansions in order to determine the C-N stretching substate origins and effective B values. Origin wavenumbers of 1044.7061 and 1044.8011 cm −1 for the ͑0 Aa 0͒ and ͑0 Ea 0͒ subbands, respectively, were then determined by subtracting calculated ground-state energies from the substate origins. The results are close for the two subbands, and the mean values yield estimates of 1044.75͑5͒ cm −1 for the band origin of the C-N stretching fundamental of CH 3 NH 2 , and 0.7323͑5͒ cm −1 for the effective C-N stretch B-value.
